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With regard to the mechanisms contributing to ventricular dilatation in this model of cardiac volume overload, we have demonstrated that cardiac mast cells play a causal role in the progressive adverse ventricular remodeling (8, 22) . During the acute phase of volume overload, increased cardiac mast cell density is associated with matrix metalloproteinase (MMP) activation and myocardial collagen degradation. Prevention of these acute cellular and extracellular events using agents that inhibit mast cell degranulation provides protection against chronic ventricular dilatation and dysfunction (10) . Blockade of endothelin (ET)-1 or tumor necrosis factor (TNF)-␣, factors involved in mast cell signaling, provides similar cardioprotection (23, 31, 32) . Furthermore, we found that estrogen supplementation following ovariectomy prevents the degradation of collagen associated with cardiac mast cell activation, suggesting that estrogen alters cardiac mast cell phenotype, thereby preventing activation of MMPs (11) . However, it is not known if estrogen treatment of males subjected to chronic volume overload will confer the same degree of cardioprotection as found in ovariectomized females. Accordingly, the purpose of this study was to evaluate the structural and functional effects of estrogen treatment in male rats subjected to chronic volume overload and to investigate the mechanisms involved in the acute phase of remodeling.
METHODS
Studies were performed using 8-wk-old male Sprague-Dawley (Hsd:SD) rats that were housed under standard environmental conditions and maintained on commercial rat chow and tap water ad libitum. All studies conformed to the principles of the United States National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the University of South Carolina's Institutional Animal Care and Use Committee. Isoflurane was used for anesthesia (4% induction/2.5% maintenance, balance oxygen). Postoperative analgesia was provided by buprenorphine hydrochloride (0.025 mg/kg sc) administered to the rats immediately postsurgery. At the experimental endpoints, animals were anesthetized with pentobarbital sodium (50 mg/kg ip), and hearts were removed under deep anesthesia.
Surgical Procedures
Induction of chronic volume overload. Infrarenal aortocaval fistula was created in rats as previously described (17) . Briefly, a ventral abdominal laparotomy was performed to expose the aorta and caudal vena cava. An 18-gauge needle was inserted in the exposed ventral abdominal aorta below the renal arteries and advanced through the medial wall into the vena cava to create the fistula. The needle was withdrawn, and the ventral aortic puncture site was sealed with cyanoacrylate. Creation of a successful fistula was visually evident by the pulsatile flow of oxygenated blood in the vena cava.
Estrogen treatment. 17␤-Estradiol, hereafter referred to as estrogen, was delivered via time release pellets (Innovative Research of America, Sarasota, FL). Pellets, which administered a dose of 0.02 mg ⅐ kg Ϫ1 ⅐ day Ϫ1 , were implanted subcutaneously 3 days before creation of the fistula. This dose produces serum levels of ϳ35 pg/ml, a level comparable to the average estrogen level in intact female rats (17) .
Experimental Protocol
The protective effects of estrogen on chronic remodeling induced by 8 wk of volume overload were studied in three age-matched groups: sham-operated controls (Sham), fistula-induced chronic volume overload (Fist), and fistula treated with estrogen (Fist ϩ Est). In addition, the effects of estrogen on the response to 3 days of volume overload were studied in similar groups, including an additional group of surgical controls treated with estrogen (Sham ϩ Est). This acute time point was examined based on our previous characterization of this model demonstrating significant increases in cardiac mast cell density and MMP activity following the induction of volume overload. These changes in mast cell density and MMP activity resulted in significant collagen degradation during the first 3-5 days of volume overload in untreated male rats (8, 9) .
At the experimental endpoint, each rat was weighed and anesthetized. Following laparotomy, fistula patency was visually confirmed. In the 8-wk groups, a tracheotomy was performed, and rats were attached to a ventilator, and, following thoracotomy to expose the heart, cardiac output was measured using a Doppler flow probe (model 3SB; Transonic Systems, Ithaca, NY). The heart was then isolated for the assessment of LV size and function as described below. After completion of the functional studies, the atria and great vessels were removed, and the LV, including septum and right ventricle (RV), were separated and weighed. Lung wet weight was measured after the esophagus and trachea were trimmed away and the pleural surface was blotted dry.
Assessment of Ventricular Size and Function
LV volume and function were evaluated ex vivo using a bloodperfused isolated heart preparation as previously described (17) . Before removal of the heart from the anesthetized rat, the carotid arteries were ligated, and a cannula was inserted into the thoracic aorta and secured with a silk ligature. Retrograde perfusion of the coronary arteries with blood from the perfusion reservoir was begun as soon as the cannula was secured. The heart was then quickly removed from the chest and attached to the apparatus. Arterial blood from the carotid artery of a support rat was pumped to a pressurized reservoir for retrograde perfusion of the isolated heart. A constant coronary perfusion pressure of 100 Ϯ 5 mmHg was maintained. The coronary venous effluent was collected and returned to the support rat through a jugular vein catheter. LV pressure was continuously recorded using a pressure transducer attached to a latex balloon inserted through the mitral valve orifice into the LV chamber. Once the heart developed stable isovolumetric contractions, the balloon volume that produced an LV end diastolic pressure (EDP) of 0 mmHg, V 0, was determined. Balloon volume was then increased by 5-to 20-l increments until an LVEDP of 25 mmHg was attained. The balloon was then emptied, and this procedure was repeated to obtain a minimum of three consistent runs.
Analysis of the Collagen Matrix
Paraffin-embedded blocks were prepared from midventricular sections of LV. Sections (5 m) were stained with collagen specific picrosirius red. Photomicrographs of 20 random regions, avoiding perivascular collagen, were obtained using a Zeiss Axiovert 200 fluorescent microscope with a ϫ40 objective. Collagen volume fraction (CVF) was determined from these images using ImageProPlus 4.0.
Oxidative Stress Assay
The extent of lipid peroxidation, a byproduct of oxidative stress, was determined by malondialdehyde (MDA) analysis. As previously described, the reaction of lipid peroxides with thiobarbituric acid is a sensitive assay for lipid peroxidation in tissue (34) .
LV Mast Cell Density
Sections of formalin-fixed LV tissue were stained with pinacyanol erythrosinate (PE). PE selectively stains and differentiates mast cells (5) . The total mast cell population in the LV section was counted and divided by the tissue area obtained from a digitized image of the section to yield the number of mast cells per square millimeter.
ET-1 and TNF-␣ Assay
Serum levels of ET-1 and TNF-␣ were determined using commercially available ELISA immunoassay kits [Alpco Diagnostics (Salem, NH) and R&D Systems (Minneapolis, MN), respectively].
Zymography Assay for MMP Activity
From each sample, 30 g of proteins were loaded for electrophoresis using nonreducing conditions on an 8% SDS-PAGE containing gelatin (1 mg/ml from porcine skin; Sigma Chemicals, St. Louis, MO). After electrophoresis, the gels were washed two times in 2.5% Triton X-100 for 30 min each at room temperature, rinsed in water, and incubated for 18 h in a substrate buffer at 37°C (50 mmol/l Tris ⅐ HCl, 0.15 mol/l NaCl, 5.0 mmol/l CaCl 2, and 0.05% Brij 35, pH 7.5). After the incubation period, the gels were stained using 0.5% Coomassie Brilliant Blue R-250 and destained with 40% methanol and 10% acetic acid. Molecular weights were determined using standard prestained molecular weight markers (Bio-Rad). Gelatinolytic bands were measured with an image analyzer (VersaDoc; BioRad), and MMP-2 and MMP-9 activities were determined from the lytic bands corresponding to their activated forms (62 and 82 kDa, respectively). Gels were run in duplicate, and an extract from a single Sham control heart was used as a standard on all gels for comparison between gels. The activity of lytic bands on each gel was normalized to this common control. Once normalized, the activities from each group were averaged, and the Sham group was set to 100%.
Data and Statistical Analyses
The EDP and peak isovolumetric pressure were determined following each increment in balloon volume (ADInstruments Chart version 5). Further processing and statistical analyses were performed using analysis software (Graphpad 5.0; Prism). LV volumes were adjusted to account for the volume displaced by the balloon material. Pressure-volume (P-V) relations generated for the balloon alone indicated that the balloon's contribution to LVEDP was negligible over the experimental LV volume range. Diastolic LV P-V data were fit to a third-order polynomial regression, and V 0 for each P-V curve was calculated. Using this regression equation, LV end diastolic volumes were calculated at intervals of 2.5 mmHg LVEDP to graph average P-V relationships for each group. Systolic LV P-V data were fit using linear regression, and the slopes of these relations were used as indexes of intrinsic chamber contractility. Linear relations were statistically compared by analysis of covariance. Grouped data comparisons were made by one-way ANOVA, and comparison of discrete data points on nonlinear relations were analyzed using two-way ANOVA. When a significant F ratio (P Ͻ 0.05) was obtained, intergroup comparisons were made using a modified t-test and Bonferroni bounds. Statistical significance was taken to be P Ͻ 0.05/k, where k is equal to the number of groups compared (29) .
RESULTS

Acute Studies (3 Days of Volume Overload)
Patent fistulas were visually confirmed in the short-term rats before tissue collection. LV mast cell density was significantly increased by 60% in the untreated Fist group (4.2 Ϯ 0.7 cells/mm 2 , P Ͻ 0.05 vs. Sham; Fig. 1 ). Estrogen treatment prevented the fistula-induced increase in cardiac mast cell density but did not significantly alter mast cell density in the Sham hearts. The increase in cardiac mast cell density in untreated Fist hearts was associated with a concomitant increase in MMP-2 activity (62 kDa band, 68% increase vs. Sham, P Ͻ 0.05; Fig. 2 ). MMP-2 activation postfistula was prevented by estrogen [Fist ϩ Est vs. Sham, P ϭ not significant (NS)]. Furthermore, estrogen did not significantly alter latent MMP-2 levels in any group (data not shown). MMP-9 activity was more variable within each group, and the increase in the untreated Fist group did not achieve statistical significance. However, a direct comparison of the untreated and treated fistula groups (i.e., Fist vs. Fist ϩ Est) indicates a substantial reduction in MMP-9 activity by estrogen. The increase of MMP activity in the untreated Fist group was associated with a reduction in LV CVF (34% decrease vs. Sham, P Ͻ 0.05; Figs. 3 and 4) . Estrogen treatment did not affect CVF in Sham hearts but did attenuate the fistula-induced reduction in the treated Fist ϩ Est group (P ϭ NS vs. Sham). In all of the acute study groups, serum levels of TNF-␣ were not detectible (Ͻ5 pg/ml, data not shown). Serum ET-1 levels (Fig. 5) were increased in the untreated Fist group (51% increase vs. Sham, P ϭ 0.07) and unchanged in the Fist ϩ Est group relative to Sham (P ϭ 0.47). Figure 6 depicts the extent of LV lipid peroxidation in each group, as measured by MDA concentration. Volume overload produced a significant degree of cardiac oxidant stress (122% increase vs. Sham, P Ͻ 0.05) that was completely prevented by estrogen treatment. Estrogen did not alter oxidative stress levels in treated Shams.
Chronic Studies (8 wk of Volume Overload)
Group-averaged cardiac output, LV, RV, and lung and body weights are listed in Table 1 . Cardiac output was significantly increased 4-to 4.5-fold in both of the fistula groups, confirming both the patency of the fistula and equivalent degrees of volume overload. LV weights were significantly increased in both the Fist and Fist ϩ Est groups (105 and 44%, respectively, relative to sham operated, P Ͻ 0.05). RV and lung weights were also significantly increased in both fistula groups relative to Sham controls. However, estrogen treatment significantly attenuated the increase in LV, RV, and lung weights postfistula vs. untreated fistula rats (P Ͻ 0.05). The estrogen treatment also reduced body weight (P Ͻ 0.05 relative to untreated Fist and Sham).
Functional analysis. The group-averaged diastolic P-V relations are shown in Fig. 7 . As indicated by the rightward shift of the diastolic P-V relation, untreated Fist rats developed significant LV dilatation (203% relative to Sham V 0 , P Ͻ 0.05). Estrogen treatment significantly attenuated this increase in LV volume (149% relative to Sham, P Ͻ 0.05 vs. both Sham and untreated Fist). Compliance, as measured by the volume required to increase EDP from 0 to 25 mmHg, was greatest in the hearts of untreated Fist rats (366% relative to Sham, P Ͻ 0.05). This increase in compliance was significantly attenuated by estrogen treatment (190% relative to Sham, P Ͻ 0.05 vs. Sham and untreated Fist). Systolic P-V relations are depicted in Fig. 8 . The intrinsic chamber contractility, indi- cated by the slope of the systolic P-V relation, was significantly depressed following 8 wk of volume overload (67% reduction, P Ͻ 0.01 by analysis of covariance), whereas the estrogen-treated rats with fistula maintained systolic function that was comparable to Sham animals (P ϭ NS) (see Table 2 for compiled parameters).
DISCUSSION
Estrogen has been shown to provide cardioprotection in various models of cardiac disease, including the aortocaval fistula model of heart failure (4, 15, 17, 19, 21, 38, 39, 45, 47) .
We previously demonstrated the cardioprotective effects of estrogen in ovariectomized female rats subjected to chronic volume overload, reflected by attenuation of ventricular hypertrophy and dilatation, maintenance of cardiac function, and prevention of congestive heart failure (CHF) (17) . However, because testosterone may interfere with the protective effects of estrogen, it was not known if estrogen treatment would confer similar cardioprotective effects in male rats (26, 48) . Accordingly, the present study sought to determine if estrogen treatment would prevent or attenuate the adverse ventricular remodeling and dysfunction that occur in male rats secondary to chronic cardiac volume overload, and to evaluate the acute mechanisms involved.
Effects of Estrogen on the Acute Response to Volume Overload in Male Rats
Previously, we determined that the initial phase (first 2 wk) of remodeling postfistula is critical in determining the eventual outcome of disease progression (22) . Of particular importance is the acute activation and increased density of cardiac mast cells that causes an increase in myocardial MMP activity and degradation of extracellular collagen (8) . Myocardial extracellular collagen degradation has been shown to lead to ventricular dilatation both in humans and in animal models of heart failure (28, 37, 40, 44 ). In the current study, untreated males had increased LV mast cell density postfistula that was accompanied by a substantial increase in MMP-2 activity and collagen degradation. These adverse events triggered by volume overload were prevented by estrogen treatment, and, as a result, the structural ventricular dilatation induced postfistula was significantly attenuated. These findings are in agreement with our previous results demonstrating that estrogen prevents the collagen degradation following chemically induced cardiac mast cell degranulation (11) . In contrast, chemically induced mast cell degranulation in hearts isolated from ovariectomized rats produced MMP-2 activation and collagen degradation. These effects were prevented by treating the ovariectomized rats with estrogen, suggesting that estrogen alters cardiac mast cell phenotype. This effect of estrogen on mast cells may contribute to the cardioprotection demonstrated by male rats treated with estrogen.
We have previously shown that ET-1 can induce cardiac mast cell degranulation and that antagonism of ET receptors improves the functional outcome of volume overload in male rats (30 -32) . In the current study, we found that serum ET-1 levels were normal in estrogen-treated rats postfistula but were increased in untreated volume-overloaded rats. It is well known that estrogen inhibits the production of ET-1 in vascular endothelial cells (1-3, 20, 46) . Accordingly, our findings together with those of others suggest that estrogenic inhibition of ET-1 production contributes to the prevention of the fistulainduced cardiac mast cell response. Although we have previously shown an increase of myocardial tissue levels of TNF-␣ in untreated male rats postfistula, we did not find detectable serum levels in any of our study groups (32) . However, serum levels may not be indicative of local ventricular tissue levels of TNF-␣.
Oxidant stress is identified as a key mechanism contributing to the development of CHF and adverse ventricular remodeling (24, 35, 42) . In the untreated male rats, sustained volume overload induced a substantial increase in myocardial oxidative stress, which was completely abrogated by estrogen treatment. Oxidative stress has been shown to cause activation of mast cells, as well as in vitro activation of MMPs (27, 41, 43) . Thus the prevention of volume overload-induced oxidant stress by estrogen may contribute to the demonstrated cardioprotective effects of this hormone. A drawback to the MDA method for determining oxidative stress is that the source of the oxidant stress is not identified. Another limitation of this study relates to the many cardiovascular and systemic effects derived from both genomic and nongenomic pathways modulated by estrogen. Functional estrogen receptors have been identified on multiple cardiovascular cell types, including cardiomyocytes, cardiac fibroblasts, vascular smooth muscle, and endothelial cells (18, 25, 36) . Accordingly, estrogen likely mediates a Table 2 . P Ͻ 0.05 vs. Sham (*) and vs. Fist ( †).
number of effects that contribute to the beneficial modulation of myocardial remodeling beyond the specific focus on mast cells and extracellular collagen changes that we have identified herein. For example, estrogen has known effects on endothelial and inducible nitric oxide synthase (eNOS and iNOS) activity that may contribute to the cardioprotective effects observed (6, 21, 33) . These estrogenic eNOS and iNOS effects may play a role in blunting the cardiac mast cell response to volume overload, since nitric oxide has been shown to inhibit noncardiac mast cell activation and mast cell-dependent inflammation (13, 14) . Although little is known about estrogenic effects on cardiac mast cells, our previous study demonstrated that estrogen treatment prevents MMP activation and collagen degradation following chemically induced mast cell degranulation in isolated rat hearts (11) . Furthermore, we have determined that in vivo treatments that prevent this acute mast cell activation following volume overload, including ET receptor antagonism and mast cell stabilization, have a protective effect on the cardiac extracellular collagen matrix and improve long-term outcome (10, 31, 32) . As such, the comparable finding that estrogen treatment prevents the acute cardiac mast cell response induced by volume overload is significant and indicative of a relationship between estrogenic modulation of mast cells and chronic improvements in diastolic and systolic cardiac function.
Effects of Estrogen on Structural and Functional Remodeling in Male Rats with Chronic Volume Overload
In agreement with our previous findings, the untreated male rats developed significant biventricular hypertrophy, LV dilatation, and increased chamber compliance in response to volume overload (16) . Treatment of males with estrogen significantly attenuated this adverse remodeling to a degree comparable with that reported in ovariectomized rats treated with estrogen (17) . Moreover, several studies have demonstrated similar effects of estrogen on pathologic hypertrophy using other models of cardiac disease in ovariectomized females (15, 39, 45, 47) . For example, estrogen treatment of ovariectomized mice reduced the amount of hypertrophy induced by both pressure overload and myocardial infarction (15, 45, 47) . In a similar fashion, estrogen prevented the onset of hypertension, development of hypertrophy, and heart failure in ovariectomized spontaneously hypertensive heart failure (SHHF) rats (39) .
The excessive dilatation and altered compliance in the untreated male fistula hearts was associated with a significant reduction in intrinsic chamber contractility as measured by the slope of the systolic P-V relation. In contrast, the attenuation of both LV structural dilatation and compliance changes achieved by estrogen treatment prevented this depression of myocardial chamber contractility. These findings are consistent with previous observations in ovariectomized female SHHF rats and in our studies using the fistula model, wherein treatment with estrogen is associated with normal cardiac function and prevents the onset of heart failure (17, 39) . In the current study, the development of pulmonary edema at 8 wk postfistula was attenuated by estrogen treatment and, when coupled with the maintenance of systolic function, indicate that estrogen prevented the progression to decompensation and heart failure. A possible mechanism associated with the decrease in pulmonary edema in estrogen-treated animals is the positive effect of estrogen on nitric oxide synthase activity, which leads to decreased vascular permeability, particularly in the lung (7, 12) . Although the cardioprotective effects of estrogen on chronic remodeling induced by volume overload are significant, it remains unknown if an acute treatment of estrogen is capable of providing long-term benefits or if the adverse remodeling would ensue once treatment is withdrawn. As in our previous studies using ovariectomized rats, estrogen treatment attenuated the adverse remodeling response to chronic volume overload in male rats. The reduced amount of structural dilatation in the estrogen-treated group represents an improved ability of the heart to compensate for the increased myocardial stress of cardiac volume overload, thereby allowing the heart to maintain adequate function, and preventing the progression to heart failure. We believe the results reported herein are the first to demonstrate a functional cardioprotective role of estrogen in male rats with a sustained cardiac volume overload and that this cardioprotective action is coupled to a reduction in LV oxidative stress, blockade of MMP activation, and prevention of collagen degradation. Future studies are warranted to assess the dependence of this cardioprotection on specific estrogen receptor subtypes. Moreover, additional studies are necessary to fully assess the estrogenic modulation of extracellular matrix proteins during remodeling, including matrix-degrading enzymes and their inhibitors. Values are means Ϯ SE; n, no. of rats. V0, LV volume at an end diastolic pressure of 0 mmHg; V0-25, volume required to increase end diastolic pressure from 0 to 25 mmHg; Psys-V, peak systolic pressure-volume relation. Data are for functional parameters from blood-perfused isolated heart assessed 8 wk postsurgery. P Ͻ 0.05 vs. Sham (*) and vs. Fist ( †). Fig. 8 . LV systolic pressure-volume data points and group-averaged linear regression from isolated heart analyses at 8 wk postsurgery. Parameters for each group are listed in Table 2 . P Ͻ 0.05 vs. Sham (*) and vs. Fist ( †).
